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ABSTRACT
Measured Spectral, Directional Radiative Behavior of Corrugated Surfaces
Kyle S. Meaker
Department of Mechanical Engineering, BYU
Master of Science
Spacecraft thermal control is entirely reliant upon radiative heat transfer for temperature
regulation. Current methods are often static in nature and do not provide dynamic control of
radiative heat transfer. As a result, modern spacecraft thermal control systems are typically
‘cold-biased’ with radiators that are larger than necessary for many operating conditions.
Deploying a variable radiator as a thermal control technique in which the projected surface area
can be adjusted to provide the appropriate heat loss for a given condition can reduce unnecessary
heat rejection and reduce power requirements. However, the radiative behavior of the apparent
surface representing the expanding/collapsing radiator changes in addition to the projected
surface area size. This work experimentally quantifies the spectral, directional emissivity of an
apparent surface comprised of a series of V-grooves (e.g. corrugated surface), as a function of
angle and highlights its emission characteristics that trend toward black behavior.
The experimental setup for quantifying this apparent radiative surface behavior is
described and utilized to show the influence of surface geometry, direction and wavelength. The
experimental design is validated and demonstrated using fully oxidized, nearly diffuse, copper,
corrugated test samples. The results presented in this work demonstrate, for the corrugated
oxidized copper surfaces tested, that (1) higher emissivity values correspond to higher
wavelengths in the spectral range of 2.5 to 15.4 μm (2) apparent emissivity values increase with
decreasing V-groove angle resulting in less spectral variation in emissivity and greater blackbody
like behavior, (3) azimuth dependence can be relatively small despite the obvious pattern
associated with a corrugated surface, (4) as the V-groove angle decreases, higher emissivity
values are associated with 𝜃𝜃 → 0° and 𝜙𝜙 → 90°. Results provide a foundation for future radiator
design, improved spacecraft thermal control methods, and improved emissivity testing methods
for patterned or angular surfaces.
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1

INTRODUCTION

One critical and challenging aspect of spacecraft operation is thermal management of
onboard components. The harsh environment of space, buildup of heat within vital electrical
components, and fluctuations in external and internal thermal loads results in stringent
requirements on the thermal control system to maintain component temperatures within
necessary temperature ranges. A particular issue with spacecraft thermal management is that the
only method by which excess heat may be rejected is through radiative heat transfer. This is
commonly achieved through exterior, extended surfaces known as radiators, which act as static,
passive cooling systems. These static thermal control systems typically refer to radiators which
maintain constant geometry and constant radiative properties [1]. As such, heat rejection varies
only according to the relative temperature difference between the internal components of the
spacecraft and the surroundings when using a static, passive cooling system.
Static, passive thermal control is widely adopted due to its simplicity in design of
specialized radiating surfaces. However, spacecraft radiators are sized sufficiently large such that
they are capable of emitting the highest cooling load expected during the lifetime of the
spacecraft, a strategy called cold-biasing [2]. With the variable nature of internal and external
heat loads during spacecraft operation, cold-biasing results in the use of actively controlled
heaters in order to provide supplementary temperature control of vital components when the heat
loss is greater than desired. Scenarios in which supplementary heating in spacecraft is required
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are common; the required additional heating elements, batteries and solar panel capacity are in
conflict with the goal of reduced size, weight and power requirements typical of spacecraft
design.
One proposed method to reduce the amount of supplementary heating is through the use of
dynamic cooling strategies that provide control in spacecraft emission [3]. Single panel radiators
that operate like a gate or shutter in order to conceal or reveal a radiating surface have been
explored as a dynamic cooling strategy [4–7]. An example of a powered, multiple-panel,
dynamic strategy has also been explored by Mulford et al. [8], where the turn-down ratio (or
fraction of largest possible emitted energy to smallest possible emitted energy) of an actively
controlled radiator was determined. The multiple panels considered by Mulford et al. collapsed
and expanded to provide an appropriate amount of heat loss for given operating and
environmental conditions. The changing geometry results in a variable apparent emissivity
(spectral, directional emissivity of the representative surface for the collapsing, multiple-panel
radiator) which depends on radiator panel positioning, wavelength, and direction. One
contribution of this work is to demonstrate the directional behavior of emission from multiple
panel radiators (e.g. corrugated surfaces) for varying geometrical conditions.

Apparent Surfaces
Emission and absorption behavior of multiple panel radiators is altered by the fact that
surfaces that comprise such a radiator are seen by other surfaces comprising the radiator. These
effects can be combined into an apparent surface behavior representing the area formed by the
collection of cavities comprising the multiple-surface radiator. For corrugated surfaces or
origami-inspired surfaces, these cavity openings are repeating in nature. When the vertices
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associated with the cavity openings all lie in the same plane, the apparent surface is a 2D plane
representing the cavity openings (see Figure 1.1).
Introducing a surface representing a series of cavities enables the specification of
radiative properties for the “apparent” radiative behavior of a surface comprised of these cavities.
Further, apparent surfaces comprised of cavities are unique in that their emissivity depends not
only on material properties but also on the geometry of the cavities which comprise it, allowing
variable control of the apparent emissivity through variation of cavity geometry. Such control
was demonstrated in previous work where the relationship between measured thermal radiation
and a collapsing radiator was established experimentally [8,9]. However, previous works only
considered total, hemispherical apparent surface behavior. Understanding the effects of geometry
on the spectral, directional radiative behavior is explored in this work through measurement of
the radiative behavior of corrugated surfaces. These surfaces were selected as this geometry is
amenable to modeling, is achievable with accessible manufacturing methods, and since the
surface simplifies to a single V-groove for which previous studies can apply.

Figure 1.1: Hemispherical coordinate system and nomenclature for an apparent surface
comprised of cavity openings all lying in the same plane resulting in a 2D apparent surface.
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Fully specifying the emission from a planar surface requires quantifying the spectral,
directional emissivity 𝜀𝜀𝜆𝜆,𝜃𝜃 . The spectral, directional emissivity is the ratio of the emitted spectral

intensity of a surface 𝐼𝐼𝜆𝜆,𝜃𝜃,𝑒𝑒 and the spectral intensity of a blackbody 𝐼𝐼𝜆𝜆,𝑏𝑏 at the same temperature.
𝜀𝜀𝜆𝜆,𝜃𝜃 (𝜆𝜆, 𝑇𝑇, 𝜃𝜃, 𝜙𝜙) ≡

𝐼𝐼𝜆𝜆,𝜃𝜃,𝑒𝑒 (𝜆𝜆, 𝑇𝑇, 𝜃𝜃, 𝜙𝜙)
𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇)

(1.1)

𝐼𝐼𝜆𝜆,𝜃𝜃,𝑒𝑒 is the rate at which radiant energy is emitted at wavelength 𝜆𝜆 in the (𝜃𝜃, 𝜙𝜙) direction (see
Figure 1.1) per unit area of the emitting surface normal to this direction, per unit solid angle

about this direction, and per unit wavelength interval 𝑑𝑑𝑑𝑑 about 𝜆𝜆. Understanding the directional

dependence of the apparent emissivity is an important step in developing techniques for dynamic
control of apparent radiative surface properties and affecting radiative heat transfer through
surface orientation. For example, this understanding could be used to minimize or maximize
solar absorption or emission as needed, for thermal control.

Spectral, Directional Emissivity
Multispectral radiation thermometry and its contactless measurement approach have
enabled an increasing amount of surface property characterization in recent years [10,11]. The
spectral, normal emissivity has been investigated for a number of surfaces and materials, often
limited to some spectral range associated with the detector of the measurement device [10–18].
Additionally, many have investigated methods to measure the spectral, directional emissivity of
nominally flat surfaces, though generally only for surfaces in which the variation in 𝜙𝜙 was
neglected (weak emissivity dependence on the azimuthal angle is typically due to random

orientation of grains in most surfaces making this approximation appropriate [19]). Wang et al.
heated a stainless steel 330 sample using electromagnetic induction in an atmosphere controlled
apparatus (water cooled chamber capable of supporting various testing environments, e.g.
4

vacuum) and performed directional measurements over the range 0 ≤ 𝜃𝜃 ≤ 86° in a spectral band

of 2 – 6 μm [20]. A simpler experimental setup was built by Yu et al. that did not rely on an

enclosed, controlled environment but provided a broad directional measurement range (0 ≤ 𝜃𝜃 ≤
82°) over a limited spectral range (0.95 – 1.60 µm) due to the use of a visible light spectrometer
[21]. Teodorescu et al. incorporated an FTIR spectrometer into their experimental setup,

allowing for a larger wavelength range of measurement (2 – 20 μm), though their directional
measurement apparatus was limited to 0 – 72° measured at 6° increments [22]. Improved fidelity
in angle measurement was achieved by Guo et al. through the use of a computer controlled rotary
stage with a resolution of 0.01° while still employing an FTIR spectrometer to provide a wide
wavelength span (1.28 – 28.6 μm), though over a slightly smaller directional range (0 ≤ 𝜃𝜃 ≤

60°) [23]. Del Campo et al. achieved a high fidelity angle measurement (through use of a stepper

motor) while maintaining a broad directional and spectral range (0 ≤ 𝜃𝜃 ≤ 80° and 1.28 – 25 μm)
in a controlled atmosphere [24]. As noted above, existing literature has largely neglected

directional dependence on 𝜙𝜙, with all directional measurements made by varying 𝜃𝜃 alone (see

also Figure 1.1). For previous studies, this was sufficient due to the assumption of constant
emissivity in the 𝜙𝜙 direction for the surfaces investigated.

Little work has been done to measure the emissivity of apparent surfaces comprised of

repeating angular cavities, with existing literature limited to determining the total, hemispherical
emissivity [8,9,25–27]. As previous spectral, directional emissivity measurement techniques
were not capable of determining dependence on 𝜙𝜙, a methodology that is capable of measuring

the spectral, directional emissivity of a surface comprised of angular cavities would be valuable
as reference data for validation of approaches that seek to capitalize on the directional behavior
of apparent surfaces for net radiation heat transfer.

5

Specularity Ratio
Another important surface property that can be used in modeling reflection behavior is
the specularity ratio. The specularity ratio quantifies the degree to which a surface behaves like a
mirrored surface (perfectly specular, 𝑆𝑆𝑆𝑆𝜆𝜆 = 1) or like a diffuse surface (perfectly diffuse, 𝑆𝑆𝑆𝑆𝜆𝜆 =

0), and is a function of wavelength and angle of incidence. The specularity ratio is defined as the

′′
ratio of the specular component of the spectral, bidirectional reflectivity (𝜌𝜌𝜆𝜆,𝑠𝑠𝑠𝑠
) to the specular,
′′
′′
bidirectional reflectivity (specular plus diffuse, 𝜌𝜌𝜆𝜆′′ = 𝜌𝜌𝜆𝜆,𝑠𝑠𝑠𝑠
+ 𝜌𝜌𝜆𝜆,𝑑𝑑
) [28],

𝑆𝑆𝑆𝑆𝜆𝜆 ≡

′′
𝜌𝜌𝜆𝜆,𝑠𝑠𝑠𝑠

𝜌𝜌′′𝜆𝜆,𝑠𝑠𝑠𝑠 + 𝜌𝜌′′𝜆𝜆,𝑑𝑑

= 1−

′′
𝜌𝜌𝜆𝜆,𝑑𝑑

𝜌𝜌′′𝜆𝜆,𝑠𝑠𝑠𝑠 + 𝜌𝜌′′𝜆𝜆,𝑑𝑑

(1.2)

and is used to model real surface behavior in ray tracing simulation. This is accomplished by
approximating the reflectivity of a surface as a summation of its diffuse and specular
components, as shown below in Figure 1.2.

Figure 1.2: The diffuse-specular approximation of a bidirectional reflecting surface (consistent
with the approach used in [28]). Iλ,i is the intensity incident on the surface, Iλ,r,tot is the total
reflective intensity, Iλ,r,d is the diffuse component of the reflected intensity, and Iλ,i,sp is the
specular component of the reflected intensity. Adapted from The Monte Carlo Ray-Trace
Method in Radiation Heat Transfer and Applied Optics (14), by J. R. Mahan, 2019, Wiley.
Copyright 2019 by John Wiley & Sons Ltd. Adapted with permission.
Little work has been performed to determine the specularity ratio of surfaces, despite its
use in modeling real surface behavior in Monte Carlo ray tracing simulations [28,29]. Since this
surface property is a critical quantity used to accurately model a surface in simulation, a method
6

to determine this surface property is needed in order to accurately model radiative heat exchange
of real surfaces.

Problem Statement
This work develops a methodology to experimentally measure the apparent spectral,
directional emissivity of complex surfaces. The methodology is applied to determine the
directional radiative surface properties of a multi-panel, corrugated radiator comprised of
repeating V-groove cavities of various angles. This directional dependence is presented to
highlight the significant variance in apparent radiative behavior of corrugated angular surfaces
(e.g. origami inspired surfaces) and enable designers to utilize preferred directions of emission
and absorption to control radiative heat transfer.
A corrugated surface was selected as the demonstration geometry as it is amenable to
future modeling, is achievable with accessible manufacturing methods and since the surface
simplifies to a single V-groove for which previous studies can apply. Efforts to develop an
experimental approach for determining the specularity ratio of a surface were also made. Since
reflected radiation signal strength was weak, the approach presented in this work was not
validated. Methods have been documented here in supplementary appendix material.
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2

METHODS

Directional emission behavior of corrugated surfaces was explored using multiple
surfaces of varying V-groove angle as discussed in section 2.1. The spectral, directional
emissivity of each surface was determined by comparing the spectral intensity of a sample in a
given direction and at a given temperature with that of a blackbody at the same temperature.
Efforts to account for any effects on the measured signal due to attenuation of the emitted
radiation as well as radiation incident on the detector from the surroundings is found in section
2.2.1. We report in section 2.2.2 a measurement system capable of providing (1) directional
control of the position of the detector on the hemisphere above the sample surface; (2) a method
of heating the sample in a controlled manner to produce a strong and stable signal; (3) a detector
that is sensitive to signals in the mid-IR range; and (4) a blackbody that can be heated to the
same temperature as the sample.
Before producing the desired data for the prepared samples of interest, the experiment
was validated (section 2.2.4) by measuring two known quantities, namely the spectral intensity
of a blackbody at a specified temperature (given by the Planck distribution) and the spectral,
normal emissivity of stably oxidized, highly polished copper (tabulated and published results
easily obtained for comparison). Additionally, while performing the core data collection for the
three copper samples, repeat measurements for each sample were made in order the determine
the uncertainty associated with the results (section 2.2.5).
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Sample Characteristics and Control
A corrugated surface, comprised of a repeating pattern of V-grooves, was selected to
demonstrate the directional emission behavior of surfaces comprised of cavity emission. Three
sample surfaces were prepared, as shown below in Figure 2.1. A second flat sample, identical to
that shown below, was also prepared and polished for the purpose of validation. All surfaces
were supplied by Central Utah Tool (company@centralutahtool.com, centralutahtool.com).

Figure 2.1: Copper samples used to model a radiator over various degrees of folding. The top
surface of the flat sample was re-machined using the same process that produced the folded
surfaces, namely wire EDM.
Sample surfaces were machined out of C110 copper bar stock (5.08 cm by 5.08 cm),
which has a purity of 99.9% and a conductivity of 401 W m-1 K-1. The top surface of each sample
was precisely machined using wire EDM to achieve the corrugation with minimal rounding at
the bottom of the V-groove valley. Surface roughness testing of the flat sample was performed,
which reported an Ra value of 0.566 μm (Table 2.1). Four equally spaced cartridge heater holes
were bored into each sample, with three smaller holes being spaced between the cartridge holes
for thermocouples (as shown in Figure 2.2). Thermocouples provided feedback temperature
control, as well as a means to ensure temperature uniformity. A summary of the sample
conditions is given in Table 2.1. The flat, nearly diffuse sample was produced to represent a
corrugated radiator in a fully open position.
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The flat, nearly specular sample was polished after cutting to the desired size, with the
polishing methods being the same as those outlined in comparative literature [30,31]. Surface
roughness testing was also performed for this sample, which was found to have an Ra value of
0.047 μm (Table 2.1).
Table 2.1: Sample specifications and geometry. V-groove surfaces were assumed to have the
same surface roughness as the flat, nearly diffuse sample since their surface
finishing procedure was the same.
Sample
Flat, Nearly
Diffuse
Flat, Nearly
Specular
V-groove 1
V-groove 2

Height (𝒉𝒉)

Angle (𝜸𝜸)

Surface Roughness
(Ra)

12.70 mm

180°

0.566 μm

12.70 mm

180°

0.047 μm

18.97 mm
18.13 mm

30.93°
14.83°

0.566 μm
0.566 μm

The height of each sample was designed so that the minimum distance between the
cartridge heaters and exposed sample surface would be constant between each sample (top
surface of flat samples or V-groove bottom for corrugated samples). V-groove angles were
selected based on reasonable machining capability while also providing an intermediate position
relative to a flat sample. Additionally, for both V-groove samples, the angles were chosen such
that a cavity would lie at the center of the sample, since the cavity effect was of interest during
testing and the design of the setup meant that the detector would view the center of the sample
when placed in the experiment apparatus. Finally, the angles were also adjusted so that only
whole cavities would exist in the sample designs.
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Figure 2.2: Side profile of a sample surface with labels corresponding to values listed in Table 1
(dimensions in cm). The 0.16 cm diameter holes were used for thermocouples, while the 0.64 cm
diameter holes were used for cartridge heaters.
The heaters and thermocouples were evenly spaced from each other to ensure
temperature uniformity (Figure 2.2) with the center thermocouple being used by the thermal
control system thermocouple. Further assurance of temperature uniformity was obtained with
infrared imaging of each sample at the operating temperature of 573 K, with the results for Vgroove 2 shown in Figure 2.3. Each sample demonstrated relative temperature uniformity when
considering the temperature near each peak of the corrugation, demonstrated quantitatively for
V-groove 2 by a standard deviation of 2.57 K along the black line drawn over the thermal image
(located approximately 1 mm below the bottom of the V-groove cavities and representing a
length of approximately 2.54 cm). Additional variation in temperature is observed within the
ridges due to the increased emissive power from the cavities, as expected.
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Figure 2.3: Thermal image of the V-groove 2 sample at 573 K with temperature plotted along the
drawn black line corresponding to a length of approximately 2.54 cm. The reported temperature
values were measured using the same thermal camera that captured the thermal image, which
had not been calibrated to measure temperature, but rather to provide a temperature distribution.
The standard deviation along the drawn line was 2.57 K.
Heating of the samples occurred using a SOLO basic single loop PID temperature
controller assembled with four cartridge heaters (McMaster-Carr, Part 3618K412 in series and a
type K thermocouple (Omega, Part HTTC36-K-116U-1.5) for feedback. In order to limit the
amount of heat transfer occurring between the sample and testing apparatus, a 0.32 cm thick
composite insulation (McMaster-Carr insulation sheet 9323K11, conductivity of 0.005 W m-1 K1

) with a maximum rated temperature of 866.45 K was placed between the sample mount and the

small rotating stage (as shown in Figure 2.6a) used to control rotation in 𝜙𝜙. Gains were adjusted
within the control system until a stability of ±1 K was achieved for the control thermocouple.
Additionally, the temperature of the lab was maintained at approximately 293 K using the
HVAC system, with humidity reduced to below 30% using a dehumidifier.
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Spectral, Directional Emissivity
Development of the method to determine spectral, directional emissivity was comprised of
a model to relate measurable quantities with spectral, directional emissivity and
designing/constructing a validated experimental apparatus. These topics are addressed in
following sections.

2.2.1

Emissivity Model

An FTIR (ThermoFisher 8700 spectrometer) with an MCT liquid nitrogen cooled
detector and KBr beam splitter was used to measure emission from sample surfaces. The
intensity incident on the port (𝐼𝐼𝜆𝜆,𝑖𝑖 ) results in a signal from the detector (𝑆𝑆𝜆𝜆,𝜃𝜃,𝑠𝑠 ). In the case of this

experiment, the intensity incident on the port is comprised of the intensity emitted and reflected
from the sample surface in a given direction after the intensity has been attenuated by the
experimental setup, participating medium, reflectivity of the optical path, etc. (see Figure 2.6b
and Figure 2.7a). Additionally, background radiation (originating from sources other than a
sample of interest) also contributes to the spectral intensity incident on the detector port.
Therefore, the signal generated by the FTIR is proportional to a combination of the attenuated
intensity emitted and reflected from the sample and the background radiation, as follows.
𝑆𝑆𝜆𝜆,𝜃𝜃,𝑠𝑠 = 𝑅𝑅(𝜆𝜆)�𝐼𝐼𝜆𝜆,𝜃𝜃,𝑒𝑒 (𝑇𝑇𝑠𝑠 ) + 𝐼𝐼𝜆𝜆,𝜃𝜃,𝑟𝑟 (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )� + 𝑆𝑆0 (𝜆𝜆)

(2.1)

Changes or attenuation to the spectral intensity of the sample that occur in the optical path are
modeled in the response function 𝑅𝑅(𝜆𝜆). The signal associated with background radiation is

modeled in the background compensation function 𝑆𝑆0 (𝜆𝜆). For a non-blackbody sample, the

spectral intensity is the emitted spectral intensity from the sample (assuming uniform sample
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temperature) combined with the reflected irradiation associated with the surroundings (assuming
isothermal surroundings).
𝑆𝑆𝜆𝜆,𝜃𝜃,𝑠𝑠 = 𝑅𝑅(𝜆𝜆)�𝜀𝜀𝜆𝜆,𝜃𝜃,𝑠𝑠 (𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙)𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑠𝑠 )

⌓′
(𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙)𝜀𝜀𝜆𝜆,𝜃𝜃,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝜆𝜆, 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , 𝜃𝜃, 𝜙𝜙)𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )� + 𝑆𝑆0 (𝜆𝜆)
+ 𝜌𝜌𝜆𝜆,𝑠𝑠

(2.2)

Here, 𝑆𝑆𝜆𝜆,𝜃𝜃,𝑠𝑠 is the signal associated with the sample being tested at a given wavelength,

𝜀𝜀𝜆𝜆,𝜃𝜃,𝑠𝑠 (𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙) is the spectral, directional emissivity of the sample, 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑠𝑠 ) is the spectral

intensity of an ideal blackbody as predicted by Planck’s Distribution at the temperature of the
(𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙) is the spectral, hemispherical-directional reflectance of the sample,
sample, 𝜌𝜌⌓′
𝜆𝜆,𝑠𝑠

𝜀𝜀𝜆𝜆,𝜃𝜃,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝜆𝜆, 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , 𝜃𝜃, 𝜙𝜙) is the spectral, directional emissivity of the surroundings, and

𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) is the spectral intensity of an ideal blackbody as predicted by Planck’s distribution
at the temperature of the surroundings.

For a signal provided by a blackbody source (such as the laboratory blackbody shown in
Figure 2.7), since there is no reflected irradiation, the equation above simplifies to the following,
𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏 = 𝑅𝑅(𝜆𝜆)𝜀𝜀𝑏𝑏𝑏𝑏 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏 ) + 𝑆𝑆0 (𝜆𝜆)

(2.3)

where 𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏 is the signal from a laboratory blackbody, 𝜀𝜀𝑏𝑏𝑏𝑏 is the total, hemispherical emissivity

of the laboratory blackbody (assuming 𝜀𝜀𝑏𝑏𝑏𝑏 < 1), and 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏 ) is the spectral intensity of an
ideal blackbody as predicted by the Planck distribution at the temperature of the laboratory
blackbody.

The response function and background compensation function can then be quantified by
performing measurements of the laboratory blackbody signal at two different temperatures.
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𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏1 = 𝑅𝑅(𝜆𝜆)𝜀𝜀𝑏𝑏𝑏𝑏 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏1 ) + 𝑆𝑆0 (𝜆𝜆)
𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏2 = 𝑅𝑅(𝜆𝜆)𝜀𝜀𝑏𝑏𝑏𝑏 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏2 ) + 𝑆𝑆0 (𝜆𝜆)

(2.4)
(2.5)

Equations (2.4) and (2.5) are a two-equation, two-unknown (𝑅𝑅(𝜆𝜆) and 𝑆𝑆0 (𝜆𝜆)) system which can
be solved for the response function and background compensation function using the measured
laboratory blackbody signals and known emissivity and spectral intensities, as follows.
𝑅𝑅(𝜆𝜆) =
𝑆𝑆0 (𝜆𝜆) =

𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏1 − 𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏2
𝜀𝜀𝑏𝑏𝑏𝑏 �𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏1 ) − 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏2 )�

𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏2 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏1 ) − 𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏1 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏2 )
𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏1 ) − 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏2 )

(2.6)

(2.7)

Returning to equation (2.2), since the surroundings of the experiment are large and
approximately isothermal, the surroundings can be modeled as a blackbody at 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 . This

approximation results in 𝜀𝜀𝜆𝜆,𝜃𝜃,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≈ 1 over all wavelengths and directions, and also means that
the surface is diffusely irradiated. Therefore, in accordance with the literature, the following is
true [19].
⌓′
′⌓
(𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙) = 𝜌𝜌𝜆𝜆,𝑠𝑠
(𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙)
𝜌𝜌𝜆𝜆,𝑠𝑠

(2.8)

In other words, the spectral, hemispherical-directional reflectivity is equal to the spectral,
directional-hemispherical reflectivity. Assuming that a given sample is an opaque surface (true
for all surfaces in the current work), the following also is true.
′⌓
(𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙)
𝜀𝜀𝜆𝜆,𝜃𝜃,𝑠𝑠 (𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙) = 1 − 𝜌𝜌𝜆𝜆,𝑠𝑠

Thus, equation (2.2) becomes,
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(2.9)

𝑆𝑆𝜆𝜆,𝜃𝜃,𝑠𝑠 = 𝑅𝑅(𝜆𝜆) �𝜀𝜀𝜆𝜆,𝜃𝜃,𝑠𝑠 (𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙)𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑠𝑠 ) + �1 − 𝜀𝜀𝜆𝜆,𝜃𝜃,𝑠𝑠 (𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙)� 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )� +
𝑆𝑆0 (𝜆𝜆).

(2.10)

Solving for 𝜀𝜀𝜆𝜆,𝜃𝜃,𝑠𝑠 (𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙), we obtain the following.
𝜀𝜀𝜆𝜆,𝜃𝜃,𝑠𝑠 (𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙) =

𝑆𝑆𝜆𝜆,𝜃𝜃,𝑠𝑠 − 𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏 + 𝑅𝑅(𝜆𝜆)�𝜀𝜀𝑏𝑏𝑏𝑏 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑠𝑠 ) − 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )�
𝑅𝑅(𝜆𝜆)�𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑆𝑆 ) − 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )�

(2.11)

Here, emissivity is dependent upon wavelength and direction, as desired. Calculation of the total,
directional emissivity requires weighted integration of the spectral, directional emissivity, using
the spectral blackbody emissive power as follows.
𝜀𝜀𝜃𝜃,𝑠𝑠 (𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙) =

∞
1
(𝜆𝜆, 𝑇𝑇𝑠𝑠 , 𝜃𝜃, 𝜙𝜙) 𝐸𝐸𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑠𝑠 )𝑑𝑑𝑑𝑑
�
𝜀𝜀
𝜎𝜎𝑇𝑇𝑠𝑠4 0 𝜆𝜆,𝜃𝜃,𝑠𝑠

(2.12)

Therefore, by first determining the response function (measured during each test) and then
measuring the sample and laboratory blackbody signal at the same temperature (𝑇𝑇𝑠𝑠 ), one can

determine the spectral, directional emissivity and total, directional emissivity of a sample surface
from measured FTIR signals associated with a surface of interest and a laboratory blackbody
reference. This approach is developed and used in the literature to measure the spectral,
directional emissivity of various surfaces, though often applied to surfaces where no variation in
𝜙𝜙 was assumed [24,32].

Comparison of the magnitude of both terms in equation (2.1), namely the attenuated

signal from the sample, 𝑅𝑅(𝜆𝜆)�𝐼𝐼𝜆𝜆,𝜃𝜃,𝑒𝑒 (𝑇𝑇𝑠𝑠 ) + 𝐼𝐼𝜆𝜆,𝜃𝜃,𝑟𝑟 (𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 )�, and the background compensation

function, 𝑆𝑆0 (𝜆𝜆), was performed for the flat, nearly diffuse sample in the normal direction.

Results of this comparison are shown in Figure 2.4, where a strong sample to background signal
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ratio is demonstrated. The signal strength from the sample is, on average, greater than 350%
larger than the background portion represented by 𝑆𝑆0 (𝜆𝜆).

Figure 2.4: Signal magnitude comparison of the sample portion and background portion (e.g. the
two terms in equation (2.1)) for the flat, nearly diffuse sample in the normal direction. The signal
strength from the sample is, on average, greater than 350% larger than the background portion
represented by S0(𝜆𝜆).
Additionally, a comparison of the response functions obtained for each test (three
samples tested three times, for a total of nine response functions) is shown in Figure 2.5a in order
to demonstrate the fluctuation between tests. A similar comparison is also made for the
background compensation functions, as shown in Figure 2.5b. In both figures, plots are included
of the upper and lower bounds corresponding to the highest and lowest measured distributions,
respectively. The variance in both functions, as demonstrated in the plots by wide data bounds,
justifies the decision to obtain a response function and background compensation function for
each test.
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Figure 2.5: Variance among the (a) measured response function (RF) and (b) measured
background compensation function (BCF) over all tests, with the upper and lower bounds
corresponding to the highest and lowest measured distributions, respectively.
2.2.2

Experimental Setup

To determine the spectral, directional emissivity in any direction of the hemisphere above
a sample surface, the sample positioning assembly is fitted with two rotating stages allowing
position changes in 𝜙𝜙 and 𝜃𝜃 (Figure 2.6a). This approach in altering the orientation of the

sample, as opposed to moving the detector for measurement, is preferred when changing the
position of the detector is not feasible. Here, the optical path for measurement remains fixed
while the sample rotates.
The Sample Positioning Assembly provides precise control over the location and
orientation of the sample using two translating stages and a goniometer (Figure 2.6a). The
location and orientation of the parabolic mirror is also precisely controlled with a kinematic
mount and rotating stage (Figure 2.6b). This parabolic mirror is used to redirect and collimate the
radiation into the FTIR from either the sample (Figure 2.7a) or blackbody (Figure 2.7b). The
specific region of interrogation is demonstrated in Figure 2.8, which shows that the mirror and
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sample are aligned such that the parabolic mirror is focused on the center of the apparent surface
of the V-groove located in the center of the sample. Additional details regarding alignment of the
optical path are found in 0.

Figure 2.6: (a) Side view of Sample Positioning Assembly, with angles 𝜃𝜃 and 𝜙𝜙 controlled using
the rotating stages shown. (b) Side view of the Mirror Mount Assembly for the parabolic mirror
used to collimate sample and blackbody data.
To determine the response function and background compensation function, a spectral
signal from a laboratory blackbody (552 Quickcal R Blackbody) is obtained at two temperatures
(𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏1, 𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏2) in the assembly configuration of Figure 2.7b using the FTIR detector. For the

blackbody, a reported value of 𝜀𝜀𝑏𝑏𝑏𝑏 = 0.99 was used. With the spectral intensity of a blackbody

specified 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏 ) according to Planck’s distribution at 𝑇𝑇𝑏𝑏𝑏𝑏1 = 568 K and 𝑇𝑇𝑏𝑏𝑏𝑏2 = 578 K (5 K
above and below the target sample temperature of 573 K), equations (2.6) and (2.7) were used to
calculate the response function and background compensation function. The laboratory
blackbody was allowed to reach steady state behavior over 15 min with less than 0.2 K variation
in temperature.
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Figure 2.7: Assembly diagram of the spectral, directional emissivity experiment with isometric
views for measuring (a) sample signal Sλ,θ,s, and (b) blackbody signal Sλ,bb. Note that directional
control of 𝜙𝜙 and 𝜃𝜃 are shown in (b).
In order to determine the spectral, directional emissivity, a sample surface is affixed to

the sample positioning assembly (Figure 2.6a and Figure 2.7a), oriented to a desired direction
and allowed to reach the desired setpoint temperature of 573 K over 30 min. Steady state was
determined to be when the sample temperature varied less than ±2 K over 10 minutes. This
variation in temperature was taken to be the uncertainty in temperature associated with the
sample. Spectral signals from the sample were then collected as the sample rotated through
various positions, with 𝜃𝜃 varying from -80° to 80° in 20° increments and 𝜙𝜙 varying from 0 to 90°
in 30° increments. The resulting data, comprised of 36 distinct data sets corresponding to 36
angle pairs, is then processed by calculating the spectral emissivity in each direction where
measurements were made. This calculation is performed with equation (2.11) using sample data
collected in a given direction (𝑆𝑆𝜆𝜆,𝜃𝜃,𝑠𝑠 ), measured blackbody data at the same temperature as the

sample (𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏 ), and the empirically determined response function and background compensation
function. The result is 36 data sets for emissivity in a given direction, each as a function of

wavelength. The average emissivity over the spectral range is also calculated for each data set
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(i.e. direction). Spectrally dependent and spectrally integrated (total) data for a given direction
are identified and reported in the results section.

Figure 2.8: Top down views demonstrating the interrogation region of the sample surface
including a (a) schematic design of the parabolic mirror and location of the focus (used with
permission from Thorlabs, Inc., part number MPD169-P01) and (b) the experimental setup with
sample and mirror mount assemblies. Component positioning is such that the mirror is focused
on the center of the apparent surface of the V-groove located in the center of the sample.
2.2.3

Uncertainty Analysis

The square of the uncertainty for a calculated dependent variable is equal to the sum of
the square of each independent variables' uncertainty multiplied by the partial derivative of the
dependent variable with respect to that independent variable. In this manner, the uncertainty
associated with spectral, directional emissivity (equation (2.11)) was determined for each
measured direction and wavelength.
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The derivatives of ∆𝑅𝑅 were evaluated using equation (2.6). Uncertainties for each variable

appearing in equations (2.13) and (2.14) and the methods used to obtain or determine them are
summarized in Table 2.2.

2.2.4

Experiment Validation

Validation of the spectral, directional emissivity experiment consisted of two main tasks:
(1) measurement of the spectral intensity of a laboratory blackbody using the blackbody
measurement assembly of Figure 2.7b for comparison with the Planck distribution; and (2)
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measurement of the spectral, normal emissivity of a polished, flat, stably oxidized copper sample
at 573 K and comparison with relatively comparable conditions reported in the literature.
Table 2.2: Uncertainty terms with their associated values or methods.
Uncertainty
∆𝑺𝑺𝝀𝝀,𝜽𝜽,𝒔𝒔
∆𝑺𝑺𝝀𝝀,𝒃𝒃𝒃𝒃
∆𝑹𝑹

∆𝜺𝜺𝒃𝒃𝒃𝒃
∆𝑻𝑻𝒔𝒔

Value or Method
Determined as the standard deviation of 𝑆𝑆𝜆𝜆,𝜃𝜃,𝑠𝑠 over repeat tests
Determined as the standard deviation of 𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏 over repeat tests

Determined as the standard deviation of 𝑅𝑅 using equation (2.14)
±0.005 from blackbody manufacturer Quickcal
±1 K from control system manufacturer SOLO

∆𝑻𝑻𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

±0.3 K from temperature meter manufacturer BFOUR

∆𝑺𝑺𝝀𝝀,𝒃𝒃𝒃𝒃𝟐𝟐

Determined as the standard deviation of 𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏2 over repeat tests

∆𝑺𝑺𝝀𝝀,𝒃𝒃𝒃𝒃𝟏𝟏

Determined as the standard deviation of 𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏1 over repeat tests

∆𝑻𝑻𝒃𝒃𝒃𝒃𝟏𝟏

±0.1 K from blackbody manufacturer Quickcal

∆𝑻𝑻𝒃𝒃𝒃𝒃𝟐𝟐

±0.1 K from blackbody manufacturer Quickcal

The first task was accomplished by measuring the response function and background
compensation function as outlined above using equations (2.6) and (2.7). Rearranging equation
(2.3), it was then possible to determine the spectral intensity of a blackbody using the response
function, background compensation function, and measured spectral signal from the blackbody
at an operating temperature of 573 K.
Results of the first validation effort are shown in Figure 2.9. Agreement between the
Planck distribution at 573 K and the measured spectral intensity of the laboratory blackbody set
at 573 K can be seen in the two data sets; the average percent difference was 0.056%, indicating
excellent agreement.
The second validation task involved the same procedure described in section 2.2.2
(measuring the spectral, directional emissivity) but examining the spectral signal in the normal
23

direction (𝜃𝜃 = 0 and 𝜙𝜙 = 0). Consistent with other surfaces in the literature, a flat copper sample
was highly polished using a palm sander, sanding lubricant, and sandpaper (progressively

through 400, 800, 1500, and 2000 grit) then heated to become stably oxidized [30,31]. To
achieve stable oxidation, the sample was heated for 10.5 hours before measurement, with the
heating time determined by comparing measured signals taken every 30 min until negligible
changes between spectral signals were observed.

Figure 2.9: Comparison of the measured spectral intensity of the laboratory blackbody to that
predicted by the Planck distribution.
Results from the second validation task are shown in Figure 2.10, where the normal
emissivity of highly polished, stably oxidized copper at 573 K is plotted as a function of
wavelength. An average value emissivity of 0.42 was obtained over the entire wavelength range,
with a maximum of 0.64 at a wavelength of 14.97 μm and a minimum of 0.27 at a wavelength of
5.51 μm. A total, hemispherical emissivity of 0.50 is reported for highly polished, stably
oxidized copper at 600 K, representing a 16% difference [31]. This discrepancy is possibly due,
at least in part, to the fact that emissivity was obtained at an elevated temperature relative to the
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current work (difference of 27 K), especially since emissivity is shown to increase with
temperature [31].

Figure 2.10: Spectral, normal emissivity of highly polished, stably oxidized flat copper at 573 K.
The average emissivity over the measurable wavelength range is 0.42, with a maximum of 0.64
at a wavelength of 14.97 μm and a minimum of 0.27 at a wavelength of 5.51 μm.
Additionally, Yu et al. measured the spectral, normal emissivity of copper during
oxidation at 573, 673, 773, and 873 K [30]. Although the temperature matches with our test
condition a 573 K, several differences in testing conditions exist between the current work and
that reported by Yu et al. Samples were heated for only 60 min at temperature (as opposed to
10.5 hours), with emissivity measurements made at 10 min increments. Although Yu et al. also
employed an FTIR (a Bruker 70V) for measurement, a less sensitive, thermoelectrically cooled
DTGS detector was used as opposed to the liquid-nitrogen-cooled, MCT detector used in the
current work. Nevertheless, Yu et al. reported a 0.421 normal emissivity for copper after 60 min
of oxidization at 573 K at a wavelength of 9 μm; this agrees well with the measured value of
0.413 at 9 μm for the current oxidation conditions. In light of the experimental differences
mentioned above, some disagreement is expected and present. However, the wavelength of 9 µm
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for comparison was selected in a range where little noise was present in measured data. Such
agreement in reproducing blackbody behavior and reported emissivity values gives confidence in
the experimental approach and corresponding data.

2.2.5

Repeatability Analysis

Repeatability associated with spectral, directional emissivity measurements was
determined by performing repeat testing on each sample shown in Figure 2.1. Three identical
tests were performed per sample, providing three data sets for each measured direction.
Repeatability (𝑟𝑟) in reported spectral, directional emissivity values was calculated using the
standard deviation between data sets

𝑟𝑟𝜆𝜆,𝜃𝜃

∑�𝜀𝜀𝜆𝜆,𝜃𝜃 − 𝜀𝜀𝜆𝜆,𝜃𝜃,𝜇𝜇 �
=�
𝑁𝑁

2

(2.15)

where 𝑟𝑟𝜆𝜆,𝜃𝜃 is the repeatability associated with a measured direction and wavelength, 𝜀𝜀𝜆𝜆,𝜃𝜃 is the

emissivity in a measured direction with an associated wavelength, 𝜀𝜀𝜆𝜆,𝜃𝜃,𝜇𝜇 is the average of all
emissivities in a measured direction at a given wavelength, and 𝑁𝑁 is the number of data sets
collected for a measured direction and wavelength. Repeatability results are reported in the

figure captions. Additionally, each time testing was performed, 𝜃𝜃 was varied from -80° to 80° (as
opposed to 0 to 80°), providing replicate data relative to 𝜃𝜃 = 0°. Given the symmetrical design
of each sample, spectral emissivity in a measured direction is expected to agree with the value

obtained at the accompanying angle of symmetry, with any difference due to the repeatability of
the measurement method. Therefore, six data sets for each direction were used to calculate the
repeatability. For all data presented in the results section, average repeatability values for each
test performed (indicating a standard deviation among repeat measurements) are below 0.02;
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these low values indicate high repeatability with excellent agreement from measurement to
measurement.
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3

RESULTS

The methods described in section 0 were used to produce spectral, directional emissivity
results for each sample surface. In section 3.1, spectral variations are considered by comparing
the spectral, normal emissivity of each sample surface. Directional effects at a constant
wavelength (10.38 μm, corresponding to the most diffuse distribution at 𝜙𝜙 = 0° for the flat,

nearly diffuse sample) are presented in section 3.2 as well as directional effects observed when
integrated over the entire spectral range measured (2.5 to 15.4 µm) in section 3.3. Section 3.4
considers the effect of both directional and spectral variation by allowing wavelength and 𝜃𝜃 to

vary while 𝜙𝜙 is held constant at 90°. Notable trends are mentioned in each section, with further
discussion provided in section 0. Uncertainty values are summarized in figure captions.

Effects of Surface Geometry on Spectral, Normal Emissivity
The spectral, normal emissivity of each sample surface is presented in Figure 3.1, with
corresponding uncertainty summarized in the figure caption. As shown in the figure, with
decreasing V-groove angle 𝛾𝛾, a clear increase in emissivity over the entire measured spectral

range is apparent. This increase in spectral, normal emissivity is consistent with the behavior of a
V-groove; as the cavity opening of the V-groove decreases, it behaves more like a blackbody.
Further, as the spectral, normal emissivity approaches unity, the spectral distribution becomes
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more constant over the measured wavelength range. For each surface, the highest spectral
emissivity values correspond with longer wavelengths.

Figure 3.1: Comparison of the spectral, normal emissivity for each sample. The average percent
uncertainty of the flat, nearly diffuse sample is 4.20%, with maximum and minimum
uncertainties of 7.73% and 3.04%, respectively. The average percent uncertainty of V-groove 1
is 1.13%, with maximum and minimum uncertainties of 1.75% and 0.95%, respectively. The
average percent uncertainty of V-groove 2 is 0.93%, with maximum and minimum uncertainties
of 1.55% and 0.77%, respectively.
The influence of water vapor and CO2 absorption bands is also present in Figure 3.1.
Water vapor absorption is observed around 6.3 and 2.7 μm in the form of significant fluctuation
appearing in the data. CO2 absorption is also observed at 4.3 and 15 μm in the form of sudden
increases or decreases in emissivity. These observed absorption wavelengths are consistent with
the absorption wavelengths reported in the literature [33]. Reported emissivity values in these
absorption bands should not be associated with the testing surfaces. Finally, a peak is observed in
the results for each sample surface at approximately 9.2 μm; this peak was also observed by Yu
et al. and is a consequence of the interference between the oxide film and metal substrate [30].
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Effects of Geometry on Directional Emissivity at a Given Wavelength
The directional emissivity of each sample is shown in Figure 3.2. Data in these plots are
obtained at a wavelength of 10.38 μm, which was found to be the wavelength corresponding to
the most diffuse directional emissivity of the flat, nearly diffuse sample, outside of wavelength
bands associated with gas absorption. This diffuse nature is demonstrated quantitatively by the
standard deviation of emissivity over 𝜃𝜃 at 𝜙𝜙 = 90°. As noted in section 2.2.5, the standard

deviation of this directional emissivity measurement at 10.38 μm is very small (<0.02; only 4.2%
of the average emissivity over 𝜃𝜃 at 𝜙𝜙 = 90°). Further, uncertainty in the presented data is

sufficiently small that the error bars would interfere with interpreting neighboring data points
and, therefore, are not provided on the plots. However, average and minimum/maximum
uncertainties are summarized in the figure caption.

Figure 3.2: Directional emissivity of the (a) flat, nearly diffuse (b) V-groove 1 and (c) V-groove
2 samples at the wavelength exhibiting the most diffuse behavior (10.38 μm). The average
percent uncertainty of the flat, nearly diffuse sample is 3.42%, with maximum and minimum
uncertainties of 4.26% and 2.85%, respectively. The average percent uncertainty of V-groove 1
is 2.00%, with maximum and minimum uncertainties of 4.83% and 0.87%, respectively. The
average percent uncertainty of V-groove 2 is 0.94%, with maximum and minimum uncertainties
of 1.81% and 0.73%, respectively.
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The flat, nearly diffuse sample varies little over 𝜃𝜃 and 𝜙𝜙, with differences in directional

emissivity essentially within the uncertainty of the measurement. This is to be expected given the
diffuse nature of oxidized copper (with top surface cut by wire EDM) and the chosen
wavelength, as described above. In the case of V-groove 1 and 2 samples, directional effects
begin to be observed due to the angular nature of the surfaces as compared to the flat, nearly
diffuse sample. In particular, both V-groove samples demonstrate increasing directional
emissivity with decreasing 𝜙𝜙, for any given 𝜃𝜃. Note that, at 𝜙𝜙 = 0°, no data for 𝜃𝜃 = 80° is

reported. For 𝜙𝜙 = 0°, the observation path of the parabolic mirror is aligned with the axis of the
V-groove, effectively seeing through the length of the V-groove. At these shallow angles,

variability in the emissivity was high as the measured signal is comprised, in part, of empty
space between V-groove peaks, resulting in large uncertainty. For this reason, data at 𝜃𝜃 = 80°
was excluded for the case of 𝜙𝜙 = 0°, only.

For the V-groove samples, which exhibit directional dependence, an increase in

directional emissivity is observed with decreasing 𝜃𝜃 (towards the normal direction), for any

given 𝜙𝜙. Additionally, we observe that the directional emissivity distribution as a function of 𝜃𝜃 at
𝜙𝜙 = 60° and 𝜙𝜙 = 90° are in close agreement for both V-groove samples, with an average

percent difference of 1.08% and maximum percent difference of 2.24% (for V-groove 1 with
𝛾𝛾 = 30.93°). By comparison, when considering the directional emissivity distribution as a

function of 𝜃𝜃 at 𝜙𝜙 = 90° and 𝜙𝜙 = 0°, the average percent difference is 6.55%, with a maximum
difference of 17.60% (for V-groove 1 with 𝛾𝛾 = 30.93°). These results not only indicate that 𝜙𝜙
dependence deceases as 𝜙𝜙 approaches 90°, but that even in the most extreme comparison (e.g.

when 𝜙𝜙 = 90° or 𝜙𝜙 = 0°), the 𝜙𝜙 dependence of the V-groove samples is relatively small. This
small dependence of directional emissivity on 𝜙𝜙 is further demonstrated by comparing the
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emissivity values over all 𝜙𝜙 at 𝜃𝜃 = 60° for V-groove 1 sample, where the average emissivity is

0.72, the maximum is 0.79 (10.71% increase), and the minimum is 0.66 (7.20% decrease). These
comparisons reveal a relatively low variation in directional emissivity over 𝜙𝜙 despite the obvious
pattern associated with a corrugated surface. Note that these results are specific to the nature of
the surface reflection which, for this case, is likely diffuse in nature.
Finally, even with V-grooves comprised of nearly diffuse interior surfaces (as indicated
by Figure 3.2a), a 27% decrease in spectral directional emissivity for V-groove 1 and 17%
decrease for V-groove 2 are observed between 𝜃𝜃 = 0° and 𝜃𝜃 = 80° (for 𝜙𝜙 = 90°),

demonstrating directional dependence with 𝜃𝜃 in apparent surface emittance. When comparing

across all samples (Figure 3.2a-c), an average percent increase of 67.5% in directional emissivity
was observed as the V-groove angle decreased from 180° to 14.83° (increase of 41.4% when the
V-groove angle is decreased from 180° to 30.93°). This behavior, which was also observed in

Figure 3.1, is consistent with the behavior of a V-groove in that the surface behaves more like a
blackbody.

Effects of Geometry on Total, Directional Emissivity
The spectral, directional emissivity of each sample surface, numerically integrated over the
entire measured wavelength range (2.5 to 15.4 µm) using equation (2.12), is shown in Figure 3.3.
These plots approximate the total, directional emissivity even though they do not span all
wavelengths due to the majority of the blackbody emissive power distribution being contained
between 2.5 to 15.4 µm at this temperature (as shown in Figure 2.9). Uncertainty in the presented
data is again so small that the error bars would interfere with interpreting neighboring data points
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and, therefore, are not provided on the plots. However, average and minimum/maximum
uncertainties are summarized in the figure caption.

Figure 3.3: Total, directional emissivity of the (a) flat, nearly diffuse (b) V-groove 1 and (c) Vgroove 2 samples. The average percent uncertainty of the flat, nearly diffuse sample is 5.51%,
with maximum and minimum uncertainties of 6.30% and 4.74%, respectively. The average
percent uncertainty of V-groove 1 is 2.19%, with maximum and minimum uncertainties of
4.41% and 1.27%, respectively. The average percent uncertainty of V-groove 2 is 1.50%, with
maximum and minimum uncertainties of 2.27% and 1.25%, respectively.
When comparing Figure 3.2 and Figure 3.3 (at a given wavelength and averaged over all
measured wavelengths), it is readily apparent that there are significant similarities. Although
Figure 3.3a indicates slightly less diffuse behavior for the flat sample when averaging over all
wavelengths (as compared to that observed at 10.38 µm, Figure 3.2), it is clear that the sample is
still observably exhibiting diffuse behavior over the measured spectral range. This diffuse
behavior is confirmed quantitatively by a low average standard deviation (<0.02) of the total,
directional emissivity over all 𝜃𝜃 at 𝜙𝜙 = 90°. This small standard deviation represents a small

variation in emissivity over 𝜃𝜃, characteristic of a nearly diffuse surface. Similar trends as noted
in section 3.2 apply; an increase in total, directional emissivity is observed with decreasing V-
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groove angle 𝛾𝛾 (Figure 3.3a-c) and with decreasing 𝜃𝜃 (towards the surface normal), for both V-

groove samples.

Despite the similarities mentioned, a notable difference is present in the directional
emissivities reported in Figure 3.2 and Figure 3.3. In particular, the reported total, directional
emissivity is lower than that for the directional emissivity at 10.38 µm in a given direction. This
is consistent with expectations considering that most of the measured spectral range is below
10.38 µm, and the emissivity is observed to be generally lower at shorter wavelengths (see also
Figure 3.1).

Effects of Geometry and Wavelength on Spectral, Directional Emissivity
The spectral, directional emissivity of each sample, at a constant value of 𝜙𝜙 = 90°, is

shown in Figure 3.4. In particular, Figure 3.4 illustrates the change in spectral, directional
emissivity at different wavelengths across the measured spectral range, with uncertainties
provided again in the figure caption. As expected, the same trend of increasing spectral,
directional emissivity is observed with decreasing V-groove angle 𝛾𝛾 (Figure 3.4a-c).

Additionally, the higher emissivity trends observed in Figure 3.1 at higher wavelengths can be
seen in all three sample results, with V-groove 2 demonstrating particularly high emissivity
values at a wavelength of 14 μm. This is quantitatively demonstrated in achieving a spectral
directional emissivity, averaged over 𝜃𝜃, of 0.90, only ~10% below an ideal blackbody (𝜙𝜙 = 90°,
𝜆𝜆 = 14 μm). Strong agreement is seen in all three plots at 4 and 8 μm, with the increased

emissivity values of 11 μm once again following observed trends demonstrated by a percent
increase in average spectral, directional emissivity over all 𝜃𝜃 of 5.61%. It is worth noting that the

flat, nearly diffuse sample has the largest gap in emissivity values between wavelengths, with the
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gap growing smaller as the surface folds. This is seen graphically by comparing Figure 3.4a,
Figure 3.4b, and Figure 3.4c, and indicates the same trend noted in section 3.1, namely that
spectral dependence decreases with decreasing V-groove angle 𝛾𝛾. Once again, the flat, nearly

diffuse sample exhibits a diffuse distribution, with much greater variance in emissivity values
over 𝜃𝜃 observed in both folded samples.

Figure 3.4: Spectral, directional emissivity at 𝜙𝜙 = 90° of the (a) flat, nearly diffuse (b) V-groove
1 and (c) V-groove 2 samples. The average percent uncertainty of the flat, nearly diffuse sample
is 3.85%, with maximum and minimum uncertainties of 5.35% and 2.69%, respectively. The
average percent uncertainty of V-groove 1 is 2.53%, with maximum and minimum uncertainties
of 4.82% and 1.02%, respectively. The average percent uncertainty of V-groove 2 is 1.17%, with
maximum and minimum uncertainties of 2.09% and 0.69%, respectively.
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4

DISCUSSION

In section 3.1, we observed that for each sample, higher spectral, normal emissivity
values corresponded to longer wavelengths. In fact, the highest measured spectral, normal
emissivities for the flat, V-groove 1, and V-groove 2 samples were 0.80, 0.92, and 0.96,
respectively, which all corresponded to the highest wavelength in the measurement range (15.4
μm). This was further demonstrated in section 3.4, where the highest emissivity distribution
(over 𝜃𝜃 at 𝜙𝜙 = 90°) for each sample corresponded to a wavelength of 15 μm. In the case of the

V-groove 2 sample, an average (over 𝜃𝜃) emissivity value of 0.94 was reported, just 6.4% below

an ideal blackbody emissivity of 1. Given that this trend is observed for the flat, nearly diffuse

sample, the data supports the condition that the surfaces are comprised of oxidized copper that
are diffuse in nature. This result is not due to the changing geometry of the sample but rather is
specific to the interior testing surface (which may differ for a given application).
Of greater interest are the trends regarding 𝛾𝛾 observed in sections 3.1 and 3.4, namely

that the spectral dependence of apparent emissivity for corrugated surfaces decreases with

decreasing V-groove angle 𝛾𝛾. This decrease in spectral dependence is demonstrated graphically

in the flattening of the spectral, normal emissivity plots as 𝛾𝛾 decreases (Figure 3.1) as well as the
shrinking gap between spectral, directional distributions (Figure 3.4) with decreasing V-groove

angle. It implies that the wavelength dependence of the interior surface has less influence on the
amount of emitted or absorbed thermal radiation as the V-groove angle 𝛾𝛾 decreases, despite the
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strong spectral dependence observed for the intrinsic surface emissivity of the flat, nearly diffuse
sample (Figure 3.1). Such findings could play a critical role in future thermal control designs,
such as the selection of radiator interior surface finishes.
Another important observation can be made by examining the results of section 3.2,
regarding the distribution of emissivity values over 𝜙𝜙 at a constant 𝜃𝜃 value of 60°. It was found

that emissivity dependence on 𝜙𝜙 is small, shown by the maximum emissivity being only 10.71%

higher than the average emissivity over this range. In most applications, this is likely a negligible
difference, one that may not warrant the additional work required to make measurements over 𝜙𝜙.

However, with the magnitude of this dependence now quantified, designers now have this

dependence quantified and can make decisions regarding how to utilize preferred directions of
emission to control radiative heat transfer. Nevertheless, such small 𝜙𝜙 dependence is not

necessarily characteristic of all corrugated surfaces and may differ for specific design cases (e.g.
possibly for specular surfaces). Regardless, the measurement methodology and experimental
design presented here provide a foundation for future studies of the spectral, directional
emissivity of angular/origami surfaces.
On the other hand, strong directional dependence on 𝜃𝜃 was observed in the results

presented in sections 3.2 and 3.3. At the wavelength corresponding to the most diffuse

directional emissivity of the flat sample (10.38 μm), large percent decreases in emissivity of 27%
for V-groove 1 and 17% for V-groove 2 were observed between 𝜃𝜃 = 0° and 𝜃𝜃 = 80°. These
results were specific to 𝜙𝜙 = 90°, with directional dependence on 𝜃𝜃 actually decreasing as 𝜙𝜙

approached 0°. In fact, the most diffuse distribution for V-groove 1 and 2 corresponded to 𝜙𝜙 =

0°. This trend (directional dependence on 𝜃𝜃 increasing as 𝜙𝜙 → 90°) was also present in the

results of section 3.3 for both V-grooves, indicating that this trend is not specific to 𝜆𝜆 = 10.38
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μm, but rather is general to the entire measured wavelength range. These finding, which quantify
the directional dependence of the apparent emissivity of a corrugated surface, allow one to
control or affect net radiative heat transfer by the orientation of the apparent surface relative to
other bodies/surfaces. This is especially critical in spacecraft applications, where the absence of
convection and conduction cause greater dependence on the radiative heat transfer exchange
between the craft and other vessels/celestial bodies.
One final noteworthy trend observed in the results is the increase in apparent emissivity
with decreasing V-groove angle. For example, in section 3.2, an average percent increase of
67.5% in directional emissivity was observed as the V-groove angle decreased from 180° to
14.83°. Even though directional dependence is still present, the high emissivity values and
aforementioned decrease in spectral dependence indicate that the surface is approaching blacklike behavior with decreasing V-groove angle 𝛾𝛾. This result, which is an excellent demonstration

of the cavity effect, underscores the capability of corrugates surfaces to provide variable thermal

control through the variable geometric positioning. This finding, combined with the experimental
quantification of the directional and spectral dependence of the folding apparent surface, enable
designers to utilize preferred directions of emission and absorption, as well as the geometry of
the surface itself, to control radiative heat transfer.
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5

CONCLUSION

In this work, a method to measure directional surface quantities over the hemisphere of a
corrugated surface was developed. The spectral, normal emissivity of fully oxidized copper over
the wavelength range of 2.5 to 15.4 µm was measured, along with the spectral, directional
emissivity of a fully oxidized, copper corrugated surface over the same wavelength range. For
the surfaces tested, we observe that (1) higher emissivity values correspond to higher
wavelengths in the spectral range of 2.5 to 15.4 μm, (2) apparent emissivity values increase with
decreasing V-groove angle resulting in less spectral variation in emissivity and greater blackbody
like behavior, (3) azimuth dependence can be relatively small despite the obvious pattern
associated with a corrugated surface, (4) as the V-groove angle decreases, higher emissivity
values are associated with θ→0° and ϕ→90°. The quantified spectral, directional dependence of
the apparent emissivity combined with the variation in apparent emissivity observed with
changes in V-groove angle provide a foundation for further design and utilization of collapsible
radiators in thermal control of spacecraft as well as all other applications where thermal radiation
plays a major role in heat exchange with the surroundings.
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6

FUTURE WORK

Several potential improvements and areas of exploration exist. One such example is the
observed spectral independence seen with decreasing V-groove angle 𝛾𝛾. Repeating our work

with a polished interior surface, an apparatus that prevents oxidation, and/or a different sample
material would help answer whether or not this trend is specific to corrugated surfaces with a
nearly diffuse, fully oxidized interior copper surface, or if it is characteristic of corrugated
surfaces in general. Another potential avenue to explore this question would be the application of
a surface coating for which surface properties are well documented (e.g. applied thin films, etc.).
Additionally, with the experimental design and methods we have established, other
corrugated surfaces of interest can now be experimentally explored, such as the Barreto Mars
surface. In doing so, small improvements to the experimental design could also be explored, such
as positioning the thermocouples closer to the apparent surface in order to better insure
temperature uniformity and stability. With regards to temperature, it would be likewise fruitful to
perform additional experimentation, under the same conditions we have established, but at
various temperatures. Doing so would clarify whether the results are specific to the temperature
of our tests, or if the behavior is observable over a wide range of operating temperatures. This
would further explore how much of the observed behavior is due to the geometry of the
corrugated surface.
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APPENDIX A: SPECULARITY RATIO

The methodology envisioned to quantify the specularity ratio is documented in this
appendix. While the method is still under investigation, its description is captured here with
approaches for improvement.

A.1 Methods
The specularity ratio defines the reflection behavior of the surface and is required to
model structured surfaces in Monte Carlo simulation (see Section 1.3). Similar to the spectral,
directional emissivity experiment, the specularity ratio experiment has an associated modeling
approach, experiment design, validation approach, and repeatability analysis as described in the
following sections.

A.1.1 Specularity Ratio Model
The modeling approach is similar to that employed in the modeling of the spectral,
directional emissivity. An FTIR (ThermoFisher 8700) with an MCT liquid nitrogen cooled
detector and KBr beam splitter was used to measure the resulting signal emitted by the
integrating sphere. The intensity incident on the port (𝐼𝐼𝜆𝜆,𝑖𝑖 ) results in a signal from the detector

(𝑆𝑆𝜆𝜆,𝜃𝜃,𝑠𝑠 ). In the case of our experiment, the intensity incident on the port is comprised of the
intensity emitted by the integrating sphere after the intensity has been attenuated by the
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experimental setup, participating medium, reflectivity of the optical path, etc. Additionally,
background radiation (originating from sources other than a sample of interest) also contributes
to the spectral intensity incident on the detector port. Therefore, the signal generated by the FTIR
is proportional to a combination of the attenuated intensity emitted from the integrating sphere
and the background radiation, as follows.
𝑆𝑆𝜆𝜆,𝑠𝑠 = 𝑅𝑅(𝜆𝜆)𝐼𝐼𝜆𝜆,𝑒𝑒 + 𝑆𝑆0 (𝜆𝜆)

(A.1)

Changes or attenuation to the spectral intensity that occur in the optical path are modeled in the
response function 𝑅𝑅(𝜆𝜆). The signal associated with background radiation is modeled in the

background compensation function 𝑆𝑆0 (𝜆𝜆). If the reflection port is covered by a port cap, both the

diffuse and specular components of the reflected intensity will remain in the sphere and result in
the following combined signal exiting the integrating sphere and being detected by the FTIR.
𝑆𝑆𝜆𝜆,𝑠𝑠,𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑅𝑅(𝜆𝜆)𝐼𝐼𝜆𝜆,𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑆𝑆0 (𝜆𝜆)

(A.2)

Here, 𝑆𝑆𝜆𝜆,𝑠𝑠,𝑡𝑡𝑡𝑡𝑡𝑡 is the signal associated with the combination of the specular and diffuse

components of the reflected intensity and 𝐼𝐼𝜆𝜆,𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡 is the combined spectral intensity of the

specular and diffuse components of the reflected intensity. If a light trap is placed over the
reflection port, only the diffuse component of reflection within the integrating sphere remains,
𝑆𝑆𝜆𝜆,𝑠𝑠,𝑑𝑑 = 𝑅𝑅(𝜆𝜆)𝐼𝐼𝜆𝜆,𝑒𝑒,𝑑𝑑 + 𝑆𝑆0 (𝜆𝜆)

(A.3)

where 𝐼𝐼𝜆𝜆,𝑒𝑒,𝑑𝑑 is the emitted spectral intensity from the integrating sphere associated with the
diffuse reflection only. Solving for the respective intensities, the specularity ratio is then
calculated using the following.
𝑆𝑆𝑆𝑆𝜆𝜆 = 1 −

𝐼𝐼𝜆𝜆,𝑒𝑒,𝑑𝑑
𝑆𝑆𝜆𝜆,𝑠𝑠,𝑑𝑑 − 𝑆𝑆0 (𝜆𝜆)
=1−
𝐼𝐼𝜆𝜆,𝑒𝑒,𝑡𝑡𝑡𝑡𝑡𝑡
𝑆𝑆𝜆𝜆,𝑠𝑠,𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑆𝑆0 (𝜆𝜆)
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(A.4)

The response function and background compensation function can be quantified by
performing measurements of the laboratory blackbody signal at two different temperatures.
𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏1 = 𝑅𝑅(𝜆𝜆)𝜀𝜀𝑏𝑏𝑏𝑏 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏1 ) + 𝑆𝑆0 (𝜆𝜆)
𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏2 = 𝑅𝑅(𝜆𝜆)𝜀𝜀𝑏𝑏𝑏𝑏 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏2 ) + 𝑆𝑆0 (𝜆𝜆)

(A.5)
(A.6)

Equations (A.5) and (A.6) are a two-equation, two-unknown (𝑅𝑅(𝜆𝜆) and 𝑆𝑆0 (𝜆𝜆)) system which can

be solved for the response function and background compensation function using the measured
laboratory blackbody signals and known emissivity and spectral intensities, as follows.
𝑅𝑅(𝜆𝜆) =
𝑆𝑆0 (𝜆𝜆) =

𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏1 − 𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏2
𝜀𝜀𝑏𝑏𝑏𝑏 �𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏1 ) − 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏2 )�

𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏2 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏1 ) − 𝑆𝑆𝜆𝜆,𝑏𝑏𝑏𝑏1 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏2 )
𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏1 ) − 𝐼𝐼𝜆𝜆,𝑏𝑏 (𝜆𝜆, 𝑇𝑇𝑏𝑏𝑏𝑏2 )

(A.7)

(A.8)

A.1.2 Experimental Setup
The specularity ratio experiment was designed so that the reflection behavior of a
material could be measured with minimal modifications to the spectral, directional emissivity
experiment. Largely, this entailed restorable changes to the position of the blackbody and
parabolic mirror. The measurement of the spectral signal of the integrating sphere to determine
the specularity ratio is illustrated in Figure A.1. A source providing electromagnetic radiation (in
the desired wavelength range) is directed into the integrating sphere via a small, half inch
diameter parabolic mirror that is focused on the supply source (e.g. laboratory blackbody). The
radiation, once inside the integrating sphere, intersects a sample of interest with the specularly
reflected portion of the radiation directed towards the specular reflection port where it is either
captured and removed from the integrating sphere or reflected again to be combined with the
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diffuse component of reflection. The remaining diffusely reflected radiation reflects multiple
times inside the sphere, resulting in an integrated diffuse signal at the signal port. The integrated
signal is then directed into the FTIR via the same parabolic mirror used in the spectral,
directional emissivity experiment, now positioned to collect data from the integrating sphere.

Figure A.1: Diagram of the specularity ratio experimental setup. The large and small mirror
mount assemblies are identical to that shown in Figure 2.6b, with the exception of the mirror and
mount being smaller for the small mirror mount assembly.
The radiation arriving at the integrating sphere signal port depends on what component is placed
at the specular reflection port. If a reflecting port cover is in place (used as a standard for a
reflecting surface), the specular component of the reflected radiation it is kept within the sphere,
resulting in radiation at the signal port comprised of both the specular and diffuse components of
the reflected radiation. This reflecting port cover is replaced with a sample of interest when
quantifying the specularity ratio of an unknown surface. If a light trap is in place at the specular
reflection port, the specular component is removed, resulting in radiation at the signal port
comprised of the only the diffuse component of the reflected radiation. In this manner, the
experimental setup is used to obtain both the combined diffuse + specular signal and the diffuse
signal (𝑆𝑆𝜆𝜆,𝑠𝑠,𝑡𝑡𝑡𝑡𝑡𝑡 and 𝑆𝑆𝜆𝜆,𝑠𝑠,𝑑𝑑 ) and the specularity ratio is determined following equation (A.4). The
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components used in the optical setup are summarized in Table A.1, where part name, number,
count, and source are tabulated. General optical equipment (optical posts, post mounts, spacers,
etc.) are not listed.
Table A.1: Tabulated list of primary equipment used in the optical setup for the specularity ratio
experiment. For each part, the name, part number, count, and source have been included.
Name

Part Number

Count

Source

Integrating Sphere
Ø1” 90° Parabolic Mirror
Blackbody
Blackbody Platform
Blackbody Platform Post
Fiber Optic Kinematic Mount
Fiber Adapter Plate
Large Parabolic Mirror Kinematic Rotation
Mount
Large Parabolic Mirror Threaded Adapter
Specular Reflective Standard
Integrating Sphere Rail
Table Mount for Integrating Sphere Rail
Small Mirror Rail
Ø1/2” 90° Parabolic Mirror
Small Parabolic Mirror Threaded Adapter
Small Parabolic Mirror Kinematic Rotation
Mount
Small Mirror Rail Mount

RT-060-IG
MPD169-P01
552 QUICKCAL R
S913A
BLP01
KM100
S1SMA

1
1
1
1
1
1
1

Labsphere
Thorlabs
Isotech
Thorlabs
Thorlabs
Thorlabs
Thorlabs

KS1RS

1

Thorlabs

SM1MP
PFSQ20-03-M02
XT34-200
XT66P1
XT34SD-750
MPD039-P01
SM05MP

1
1
1
1
1
1
1

Thorlabs
Thorlabs
Thorlabs
Thorlabs
Thorlabs
Thorlabs
Thorlabs

KS05RS

1

Thorlabs

XT34HP

1

Thorlabs

A.1.3 Repeatability Analysis
Repeatability associated with the specularity ratio was determined by performing repeat
testing. Repeatability in reported spectral, directional emissivity values was calculated using the
standard deviation between data sets
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2

(A.9)

where 𝑟𝑟𝜆𝜆 is the repeatability associated with the specularity ratio, 𝑆𝑆𝑆𝑆𝜆𝜆 is the measured specularity

ratio for a single test, 𝑆𝑆𝑆𝑆𝜆𝜆,𝜇𝜇 is the average of the measured specularity ratios, and 𝑁𝑁 is the
number of data sets collected.

A.2 Results
The resulting signal measured by the FTIR when the reflecting port cover was located in
the specular reflection port (as compared to when the light trap was placed in this position) did
not provide a signal sufficient to discern the difference between a signal comprised of diffuse
only or diffuse + specular reflected radiation, despite its highly specular behavior.
One possible solution to such a problem is the use of a stronger incoming radiation
source, which would result in a stronger reflected signal leaving the integrating sphere. Initial
testing was performed with a collimated beam of IR light produced using a laboratory blackbody
operating at 1473 K. Most high temperature blackbodies have a maximum temperature in the
range of 1773 K, which could potentially produce an integrated signal strong enough for testing
purposes, although the fact that a 1473 K blackbody could not produce a strong enough signal is
not encouraging.
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APPENDIX B: OPTICAL ALIGNMENT DETAILS AND EQUIPMENT

Care in optical alignment was taken in order to obtain repeatable results. This appendix
outlines the alignment strategies used, providing confidence associated with the results. Optical
alignment consisted of precise positioning of optical elements in order to ensure the collimation
of collected signals and alignment with the input port of the FTIR. Figure 2.7a demonstrates this
desired outcome visually, though the radiation is infrared and thus nonvisible. Due to the
difficulty of aligning nonvisible radiation, all of the equipment and strategies employed were
first performed with visible light from a white light source. In fact, the distance between the
signal collimating parabolic mirror (shown in Figure 2.6b) and the FTIR, when performing the
visible light alignment, was greater than that of the infrared mirror/FTIR distance. This further
ensured that the radiation would be collimated and aligned for the infrared signal, with the mirror
assembly mounted on an optical rail so that precise adjustment of the mirror mount assembly to
infrared data collection position could be performed without any other changes to mirror
position.
The basic process of aligning optical equipment such that a signal collected from either
the sample or blackbody would be collimated, as well as aligned with the input port of the FTIR,
consisted of the following steps:
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1. Place optical fiber mount on the fiber rail located on the copper sample side of the mirror
mount rail. Both fiber rails (blackbody side and copper sample side) are positioned
perpendicular to the mirror mount optical rail.
2. Attach 50 μm fiber to white light source and optical fiber mount. Turn on white light
source.
3. Position fiber exit port 17.15 cm from the surface of the optical table (center position of
the FTIR input port).
4. Adjust kinematic fiber mount until the center of the exit beam is parallel to the surface of
the optical table and the translating axis of the fiber rail.
5. Position 50 μm diameter optical fiber, using the fiber rail, such that the exit port of the
fiber is positioned 15.25 cm (the focal length of the parabolic mirror) from the center of
the mirror mount optical rail.
6. Place mirror mount assembly on mirror mount optical rail and position the center of the
parabolic mirror 17.15 cm from the surface of the optical table.
7. Position parabolic mirror mount assembly (Figure 2.6b) such that the base of the
parabolic mirror is located 18.5 mm from the translating axis of the fiber rail (aligns focal
axis of mirror with center of fiber beam).
8. Adjust parabolic mirror kinematic rotation mount until the resulting beam is collimated
and the center of the beam is parallel to the surface of the optical table and the translating
axis of the mirror mount rail.
9. Place copper sample in sample mount assembly (Figure 2.6a).
10. Translate mirror mount assembly so that the focal axis of the mirror is located at the
center of the copper sample.
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11. Perform internal alignment of FTIR.
12. Collect copper sample data sets.
In order to collect data from the laboratory blackbody, the following process is employed (after
collecting copper sample data):
1. Return the mirror mount assembly to the white light collimating position.
2. Move the optical fiber mount to the fiber rail located on the blackbody side of the mirror
mount rail.
3. Position 50 μm diameter optical fiber, using the fiber rail, such that the exit port of the
fiber is positioned 15.25 cm (the focal length of the parabolic mirror) from the center of
the mirror mount optical rail.
4. Rotate the parabolic mirror 180° using the kinematic rotation mount.
5. Adjust parabolic mirror kinematic rotation mount until the resulting beam is collimated
and the center of the beam is parallel to the surface of the optical table and the translating
axis of the mirror mount rail.
6. Translate mirror mount assembly so that the focal axis of the mirror is located at the
center of the blackbody port.
7. Perform internal alignment of FTIR.
8. Collect blackbody data sets.
To return the parabolic mirror to copper sample data collection position, the following steps are
used:
1. Return the mirror mount assembly to the white light collimating position.
2. Move the optical fiber mount to the fiber rail located on the copper sample side of the
mirror mount rail.
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3. Position 50 μm diameter optical fiber, using the fiber rail, such that the exit port of the
fiber is positioned 15.25 cm (the focal length of the parabolic mirror) from the center of
the mirror mount optical rail.
4. Rotate the parabolic mirror 180° using the kinematic rotation mount.
5. Adjust parabolic mirror kinematic rotation mount until the resulting beam is collimated
and the center of the beam is parallel to the surface of the optical table and the translating
axis of the mirror mount rail.
6. Translate mirror mount assembly so that the focal axis of the mirror is located at the
center of the copper sample.
7. Perform internal alignment of FTIR.
8. Collect copper sample data sets.
The primary equipment used in the optical setup is summarized in Table B.1, where part name,
number, count, and source are tabulated. General optical equipment (optical posts, post mounts,
spacers, etc.) is not listed.
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Table B.1: Tabulated list of primary equipment used in the optical setup for the spectral,
directional emissivity experiment. For each part, the name, part number,
count, and source have been included.
Name
Ø1” 90° Parabolic
Mirror
Copper Sample Mount
Cartridge Heater
Thermal Control System
Thermal Control System
Shell
Thermocouple
Blackbody
Blackbody Platform
Blackbody Platform
Post
Translating Stage
Right Angle Bracket
Large Spacer
Goniometer
Mirror Mount Assembly
Rail
Mirror Mount Assembly
Rail Carriage
Fiber Optic Kinematic
Mount
Fiber Adapter Plate
Parabolic Mirror
Kinematic Rotation
Mount
Parabolic Mirror
Threaded Adapter
Copper Sample
Insulation
Large Rotating
Breadboard
Small Rotating Stage
Visible Light Fiber
Cable

Part Number

Count

Source

MPD169-P01

1

Thorlabs

BSH2/M
3618K412
SLB4848-R0

1
4
1

Thorlabs
McMaster-Carr
Automation Direct

Cbox16

1

Auber Instruments

HTTC36-K-116U-1.5
552 QUICKCAL R
S913A

3
1
1

Omega
Isotech
Thorlabs

BLP01

1

Thorlabs

PT1/M
PT102/M
BA2S8/M
66-537

2
1
2
1

Thorlabs
Thorlabs
Thorlabs
Edmund Optics

XT66SD-750

1

Thorlabs

XT66P2/M

1

Thorlabs

KM100

1

Thorlabs

S1SMA

1

Thorlabs

KS1RS

1

Thorlabs

SM1MP

1

Thorlabs

9323K11

1

McMaster-Carr

RBB300A/M

1

Thorlabs

QRP02/M

1

Thorlabs

QP50-2-UV-VIS

1

Ocean Optics
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APPENDIX C: FILE DIRECTORY AND PATHS

In order to ensure that this work is preserved for future reference, the associated files and
their respective paths are outlined here.
•

Spectral, Directional Emissivity Experiment Files
Path: J:\groups\fluxlab\Kyle Meaker\Project Files and Data\Spectral, Directional
Emissivity

•

Spectral, Directional Emissivity Validation Files
Path: J:\groups\fluxlab\Kyle Meaker\Project Files and Data\Spectral, Directional
Emissivity\Validation Tests

•

Nearly Diffuse & Nearly Specular Sample Roughness Test Results
Path: J:\groups\fluxlab\Kyle Meaker\Project Files and Data\Spectral, Directional
Emissivity\Diffuse & Specular Roughness Test

•

Specularity Ratio Experiment Files
Path: J:\groups\fluxlab\Kyle Meaker\Project Files and Data\Specularity Ratio

•

Hardware Manuals and Data Sheets
Path: J:\groups\fluxlab\Kyle Meaker\Hardware Documentation\Manuals and Data Sheets
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•

Copper Sample CAD Files
Path: J:\groups\fluxlab\Kyle Meaker\Hardware Documentation\CAD Files\Copper
Sample

•

Spectral, Directional Emissivity CAD Files
Path: J:\groups\fluxlab\Kyle Meaker\Hardware Documentation\CAD Files\Spectral,
Directional Emissivity Experiment

•

Thesis Files
Path: J:\groups\fluxlab\Kyle Meaker\Publications\THESIS

•

IMECE 2019 Files
Path: J:\groups\fluxlab\Kyle Meaker\Publications\IMECE 2019

•

Hardware Quotes
Path: J:\groups\fluxlab\Kyle Meaker\Hardware Documentation\Quotes

•

Prospectus Files
Path: J:\groups\fluxlab\Kyle Meaker\Publications\Prospectus

•

Spectral, Directional Emissivity Testing Procedures
Path: J:\groups\fluxlab\Kyle Meaker\Project Files and Data\Spectral, Directional
Emissivity\Testing Procedures

•

Specularity Ratio Testing Procedures
Path: J:\groups\fluxlab\Kyle Meaker\Project Files and Data\Specularity Ratio\Testing
Procedures
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•

All Cited Literature
Path: J:\groups\fluxlab\Kyle Meaker\Literature
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